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Abstract 
&RQVLGHULQJ WKHPDVVDQGHQHUJ\VRXUFHVFDUULHGE\ WKHDFFXPXODWHG LFH OD\HUDQ
XQVWHDG\KHDWDQGPDVVWUDQVIHUPRGHORIWKHUXQEDFNZDWHUILOPRQWKHGHLFLQJVXUIDFHLV
HVWDEOLVKHGWRVLPXODWHDLUFUDIWHOHFWUR-WKHUPDOGHLFLQJSURFHVV:LWKWKHH[WHQVLRQRIWKH
IUHH]LQJFRHIILFLHQWWRWKHWUDQVLHQWFDOFXODWLRQWKHFRXSOHGKHDWWUDQVIHURIWKHUXQEDFN
ZDWHU DQG WKH VROLG VNLQ LV VROYHG DW HDFK WLPH VWHS E\ D WHPSHUDWXUH-EDVHG PHWKRG
8QVWHDG\QXPHULFDOVLPXODWLRQLVFDUULHGRXWIRUWKHHOHFWUR-WKHUPDOGHLFLQJV\VWHPRID
1$&$  DLUIRLO 7KH WHPSHUDWXUH YDULDWLRQV ZLWK WLPH DUH LQ DFFHSWDEOH DJUHHPHQW
ZLWK WKH OLWHUDWXUH GDWD DQG WKH XQVWHDG\ WHPSHUDWXUH-EDVHG GHLFLQJ PRGHO LV YHULILHG
7KH FDOFXODWLRQ UHVXOWV RI WHPSHUDWXUH UXQEDFN ZDWHU IOX[ DQG LFH WKLFNQHVV RQ WKH
GHLFLQJ VXUIDFH DUH DQDO\]HGDWGLIIHUHQW WLPHSRLQWV DQG LW LV VKRZQ WKDW WKHXQVWHDG\
HOHFWUR-WKHUPDOGHLFLQJPRGHOFDQFDSWXUHWKHPDLQIHDWXUHVRIWKHLFLQJLFHPHOWLQJDQG
UH-IUHH]LQJSURFHVVHVLQWKHWUDQVLHQWGHLFLQJVLPXODWLRQV 
Keywords 
$LUFUDIW LFLQJ (OHFWUR-WKHUPDO GHLFLQJ 8QVWHDG\ VLPXODWLRQ )UHH]LQJ FRHIILFLHQW
5XQEDFNZDWHU 
1 Introduction 
$LUFUDIWLFLQJXVXDOO\FDXVHGE\WKHLPSLQJHPHQWRIWKHVXSHU-FRROHGZDWHUGURSOHWV
RQ WKH ZLQGZDUG VXUIDFHV VHULRXVO\ WKUHDWHQV IOLJKW VDIHW\1 ,FH DFFUHWLRQ RQ WKH OLIW
VXUIDFH ZRXOG GDPDJH WKH DHURG\QDPLF VKDSH UHVXOWLQJ LQ UHGXFHG OLIW DQG LQFUHDVHG
GUDJ ,FH OD\HUV RQ RWKHU VXUIDFHV FRXOG DOVR DIIHFW DLUFUDIW SHUIRUPDQFHV VXFK DV
PDQHXYHUDELOLW\DQGVWDELOLW\27KHUHIRUHLFHSURWHFWLRQV\VWHPVDUHDOZD\VDGRSWHGIRU
DLUFUDIWV 
&XUUHQWO\ WKHUPDO PHWKRG LV WKH PRVW SURPLQHQW LFH SURWHFWLRQ VWUDWHJ\ XVHG LQ
PRGHUQDLUFUDIWV3DQGLWFDQEHGLYLGHGLQWRDQWL-LFLQJDSSURDFKDQGGHLFLQJZD\,QDQWL-
LFLQJV\VWHPV WKHKHDWSURYLGHGE\WKHHQJLQHEOHHGKRWDLU4RUWKHHOHFWULFDOKHDWHUV5LV
FRQGXFWHG WKURXJK WKH DLUFUDIW VNLQ WR UDLVH WKH VXUIDFH WHPSHUDWXUH DQG HYDSRUDWH WKH
LPSLQJLQJGURSOHWV7KHVH V\VWHPVDOZD\VNHHS VXUIDFH WHPSHUDWXUHDERYH WKH IUHH]LQJ
SRLQW DQG SUHYHQW WKH IRUPDWLRQ RI LFH RQ DLUFUDIW FRPSRQHQWV 2Q WKH RWKHU KDQG
GHLFLQJV\VWHPVDOORZDVPDOODPRXQWRILFHDFFXPXODWHGRQWKHSURWHFWHGVXUIDFHV7KH
DGKHVLRQ RI LFH WR VXUIDFH LV WKHQ GHVWUR\HG E\ SHULRGLF KHDWLQJ DQG LFH OD\HUV FDQ EH
UHPRYHG IURP DLUFUDIW FRPSRQHQWV XQGHU WKH DHURG\QDPLF IRUFH RU FHQWULIXJDO IRUFH6
'HLFLQJ V\VWHPV FRVW PXFK OHVV HQHUJ\ WKDQ DQWL-LFLQJ V\VWHPV 7  DQG DUH W\SLFDOO\
LPSOHPHQWHG XVLQJ HOHFWULFDO KHDWLQJ ,Q DGGLWLRQ WKH HOHFWULFDO KHDWHUV RI WKH WKHUPDO
GHLFLQJV\VWHPVDUHXVXDOO\DUUDQJHGLQVLGHWKHDLUFUDIWFRPSRQHQWVNLQVZKLFKUHVXOWVLQ
KLJKKHDWLQJHIILFLHQF\VKRUWUHVSRQVHWLPHDQGJRRGFRQWUROSHUIRUPDQFH87KHHOHFWUR-
WKHUPDO GHLFLQJ V\VWHPV DUH ZLGHO\ XVHG LQ DLUFUDIW WDLOV KHOLFRSWHU URWRUV DQG ZLQG
WXUELQHEODGHV 
:KHQ DQ HOHFWUR-WKHUPDO GHLFLQJ V\VWHP ZRUNV HOHFWULFDO HQHUJ\ LV SHULRGLFDOO\
FRQYHUWHGLQWRKHDWWRSURWHFWDLUFUDIWFRPSRQHQWVZKLOHWKHVXSHU-FRROHGZDWHUGURSOHWV
FRQWLQXDOO\LPSLQJHRQWKHFRPSRQHQWVXUIDFHVDQGIUHH]HLQWRLFH7KHUHIRUHWKHGHLFLQJ
SURFHVV LQYROYHVH[WHUQDODLU-ZDWHUGURSOHW WZR-SKDVHIORZUXQEDFNZDWHUILOPIORZRQ
WKH VXUIDFH SKDVH FKDQJHV EHWZHHQ VROLG LFH DQG OLTXLG ZDWHU KHDW WUDQVIHU LQ WKH LFH
OD\HUZLWKYDU\LQJWKLFNQHVVDQGXQVWHDG\LQWHUQDOKHDWFRQGXFWLRQLQWKHPXOWL-OD\HUHG
VNLQ9,WLVDFRPSOH[XQVWHDG\PXOWL-SKDVHIORZDQGSKDVHFKDQJHSUREOHPFRXSOHGZLWK
KHDWDQGPDVVWUDQVIHU10 
$WSUHVHQWPRVWRIWKHVWXGLHVRQWKHHOHFWUR-WKHUPDOGHLFLQJV\VWHPIRFXVHGRQWKH
KHDWFRQGXFWLRQFKDUDFWHULVWLFVRIWKHPXOWL-OD\HUHGVNLQDQGWKHLFHOD\HUDORQJZLWKWKH
SKDVH WUDQVIRUPDWLRQ SURFHVV RI WKH LFH PHOWLQJ $ VHULHV RI XQVWHDG\ VROLG KHDW
FRQGXFWLRQDQGSKDVHFKDQJHPRGHOVKDYHEHHQGHYHORSHGZLWKYDULRXVVROYLQJPHWKRGV
DQG DOJRULWKPV11 - 15  +RZHYHU WKHUH DUH IHZ VWXGLHV RQ WKH XQVWHDG\ KHDW DQG PDVV
WUDQVIHUV RI WKH ZKROH LFLQJ LFH PHOWLQJ GHLFLQJ DQG UH-IUHH]LQJ SURFHVVHV LQ IOLJKW
FRQGLWLRQVDQGWKHGHLFLQJPRGHOVWLOOQHHGVWREHLPSURYHG 
:ULJKW16GHYHORSHG WKHJRYHUQLQJHTXDWLRQRI LFH OD\HU LQ WHUPVRI WKHHQWKDOS\ WR
VLPXODWHWKHUPDOGHLFHUDQGWKHVSHFLILFKHDWFDSDFLW\ZDVUHGHILQHGWRPRGHOWKHSKDVH
FKDQJHEHWZHHQ LFH DQGZDWHU7KLVPRGHOKDVEHHQ LQWHJUDWHG LQWR/(:,&(VRIWZDUH
+RZHYHU VLQFH WKH LFH WKLFNQHVV FKDQJHV IURP WLPH WR WLPH LW LV GLIILFXOW DQG WLPH
FRQVXPLQJWRWUDQVIRUPLFHVKDSHDQGVROYHLWVHQWKDOS\HTXDWLRQIRUFRPSOH[VXUIDFHV
6XEVHTXHQWO\ DQ HOHFWUR-WKHUPDO GHLFLQJ H[SHULPHQW ZDV FDUULHG RXW LQ /HZLV ,FLQJ
5HVHDUFK 7XQQHO ,57 RI 1$6$ DQG WKH /(:,&(7KHUPDO PRGHO ZDV YDOLGDWHG17
%DVHGRQWKH0\HUVKHDWDQGPDVVWUDQVIHUWKHRU\18WKHUXQEDFNZDWHUDQGLFHSUHGLFWLRQ
PRGHO ZDV H[WHQGHG E\ +DULUHFKH 19 WR SHUIRUP WKH WKHUPDO GHLFLQJ VLPXODWLRQ ZLWK
,&(&5(02VRIWZDUHDQGWKHVXUIDFHWHPSHUDWXUHYDULDWLRQZLWKWLPHZDVREWDLQHGE\
DQ H[SOLFLW ILQLWH YROXPH DSSURDFK 1HYHUWKHOHVV WKH 6WHIDQ FRQGLWLRQ ZDV RQO\
FRQVLGHUHG LQ WKH LFH-ZDWHU LQWHUIDFHRI WKH LFHDFFUHWLRQ:LWK)(16$3-,&(VRIWZDUH
XQVWHDG\ GHLFLQJ VLPXODWLRQ ZDV FDUULHG RXW E\ 5HLG20 DQG WKH UHVXOWV ZHUH LQ JRRG
DJUHHPHQWZLWKWKHH[SHULPHQWGDWD+RZHYHUWKHKHDWDQGPDVVWUDQVIHURIWKHUXQEDFN
ZDWHU ZDV FRPSXWHG RQ WKH XQFRQWDPLQDWHG JHRPHWU\ DQG WKH HIIHFWV RI WKH SKDVH
FKDQJHLQWKHLFHGRPDLQZHUHFRQVLGHUHGZLWKDQDSSURSULDWHVXUIDFHSURMHFWLRQZKLFK
ZDVQRWGHVFULEHGLQGHWDLO$QRVHFRQHHOHFWUR-WKHUPDODQWL-LFLQJV\VWHPZDVPRGHOHG
E\'LQJ217KHXQVWHDG\UHVXOWVPDWFKHGZHOOZLWKWKRVHRIWKH)(16$3-,&(VRIWZDUH
EXWWKHXQVWHDG\GHLFLQJPRGHOZDVQRWH[SOLFLWO\JLYHQ0X22HVWDEOLVKHGD'XQVWHDG\
PRGHO IRU WKH WKHUPDO GHLFLQJ VLPXODWLRQ DQG WKH UHVXOWV VKRZHG DJUHHPHQW ZLWK WKH
OLWHUDWXUHGDWD+RZHYHUWKHHIIHFWVRIWKHH[LVWLQJLFHOD\HUZHUHQRWWLJKWO\FRXSOHGLQ
WKH UXQEDFN ZDWHU WKHUPRG\QDPLFV HLWKHU ,Q DGGLWLRQ WKH VXUIDFH KHDW IOX[ IURP VNLQ
KHDW FRQGXFWLRQ ZDV H[WUDFWHG WR VROYH WKH UXQEDFN ZDWHU FRQYHUVDWLRQ HTXDWLRQV DQG
XSGDWH WKH VXUIDFH WHPSHUDWXUH 7KLV KHDW-IOX[-EDVHG PHWKRG ZRXOG OHDG WR D QRQ-
SK\VLFDO FKDQJH RI WKH GHLFLQJ VXUIDFH WHPSHUDWXUH IURP WKH LQLWLDO VWDWH WR WKH YDOXH
REWDLQHGE\WKHLFHDFFUHWLRQFDOFXODWLRQXQGHUWKHVXUIDFHKHDWIOX[FRQGLWLRQRI:LQ
WKHILUVWWLPHVWHSQRPDWWHUKRZORQJWKHWLPHVWHSLV 
,Q JHQHUDO DLUFUDIW HOHFWUR-WKHUPDO GHLFLQJ LV D FRPSOH[ XQVWHDG\ KHDW DQG PDVV
WUDQVIHU SURFHVV 7KHUH DUH IHZ VWXGLHV RQ LWV VLPXODWLRQ DQG WKH HIIHFWV RI WKH
DFFXPXODWHG LFH OD\HU DUHQRW WLJKWO\ FRXSOHG ZLWK WKH WKHUPRG\QDPLF DQDO\VLV ,Q WKLV
SDSHU WKH ZDWHU DQG HQHUJ\ VRXUFHV RI WKH DFFXPXODWHG LFH OD\HU DUH LQFOXGHG LQ DQ
XQVWHDG\KHDWDQGPDVVWUDQVIHUPRGHORIWKHUXQEDFNZDWHURQWKHGHLFLQJVXUIDFHDQG
WKHFRXSOLQJVROXWLRQRIWKHPRGHODQGWKHVROLGVNLQKHDWFRQGXFWLRQLVSHUIRUPHGE\D
WHPSHUDWXUH-EDVHGPHWKRG7UDQVLHQWQXPHULFDOVLPXODWLRQVDUHFDUULHGRXW WRYHULI\WKH
XQVWHDG\ GHLFLQJ PRGHO DQG WKHQ WKH KHDW DQG PDVV WUDQVIHU FKDUDFWHULVWLFV LQ WKH
SURFHVVHVRIWKHLFLQJLFHPHOWLQJDQGUH-IUHH]LQJDUHDQDO\]HGLQGHWDLOV 
2 Unsteady deicing simulation method 
2.1 Simulation procedure for electro-thermal deicing 
$VWKHHOHFWULFDOKHDWHUVLQVLGHWKHDLUFUDIWVNLQDUHSHULRGLFDOO\WXUQHGRQWKHVWDWH
RI WKHGHLFLQJVXUIDFH FKDQJHVZLWK WLPH$W HDFK WLPHVWHS WKHVXUIDFH WHPSHUDWXUH LV
GHWHUPLQHGE\WKHFRXSOLQJRILQWHUQDOVNLQKHDWFRQGXFWLRQDQGH[WHUQDODLU-GURSOHWIORZ
KHDW WUDQVIHU &RQVLGHULQJ WKDW WKH LFH WKLFNQHVV DOORZHG E\ WKH HOHFWUR-WKHUPDO GHLFLQJ
V\VWHP LV UHODWLYHO\ WKLQ WKHH[WHUQDO DLU IORZILHOGDQG WKHPRWLRQRI WKH VXSHU-FRROHG
ZDWHUGURSOHWVDUHVOLJKWO\DIIHFWHGE\WKHLFHOD\HURQWKHGHLFLQJVXUIDFHDQGWKH\DUH
DVVXPHG XQFKDQJHG ZLWK WLPH 0RUHRYHU WKH VXUIDFH WHPSHUDWXUH YDULHV ZLWKLQ D
UHODWLYHO\VPDOOUDQJHDQGWKHDLUFRQYHFWLYHKHDWWUDQVIHUFRHIILFLHQWLVDOVRUHJDUGHGWR
EH FRQVWDQW GXULQJ WKH HQWLUH GHLFLQJ VLPXODWLRQ 7KHUHIRUH LQ RUGHU WR UHGXFH WKH
FRPSXWDWLRQDOFRVWDQGVSHHGXSWKHFDOFXODWLRQWKHVWHDG\-VWDWHVROXWLRQRIH[WHUQDODLU-
ZDWHUGURSOHWIORZLVXVHGIRUWKHXQVWHDG\GHLFLQJVLPXODWLRQ 
7KH DLU IORZ DQG WHPSHUDWXUH ILHOG DURXQG WKH GHLFLQJ VXUIDFH DUH REWDLQHG E\
VROYLQJ 5H\QROGV-DYHUDJHG 1DYLHU-6WRNHV HTXDWLRQV 5$16 DQG WKH RQH-HTXDWLRQ
6SDODUW-$OOPDUDV6-$WXUEXOHQFHPRGHOLVFKRVHQIRUJRRGZDOO-ERXQGHGIORZUHVXOWV
,QRUGHUWRVDWLVI\WKHUHTXLUHPHQWVRIWKH6-$WXUEXOHQFHPRGHOIRUVROYLQJWKHERXQGDU\
OD\HUDQGWKHJULGLQGHSHQGHQFHIRUFRQYHFWLYHKHDWWUDQVIHUFRHIILFLHQWWKHPD[LPXP\
RIWKHDLUIORZPHVKVKRXOGEHEHORZRQH23$VVXPLQJWKDWWKHDLUDQGGURSOHWIORZVDUH
RQH-ZD\ FRXSOHG WKH LQIOXHQFH RI DLU IORZ RQ WKH PRWLRQ DQG LPSLQJHPHQW
FKDUDFWHULVWLFVRIZDWHUGURSOHWV LVPRGHOHGDQG(XOHULDQPHWKRG24LV DSSOLHG WRREWDLQ
WKHORFDOZDWHUGURSOHWFROOHFWLRQHIILFLHQF\7KHFDOFXODWLRQVRIWKHDLUDQGZDWHUGURSOHW
IORZ ILHOGV DUH DOO FDUULHG RXW E\ WKH 6,03/( DOJRULWKP ZLWK VHFRQG-RUGHU XSZLQG
VFKHPHLQWKH&)'VROYHU)/8(17 
7KHKHDWLQJHQHUJ\JHQHUDWHGE\WKHKHDWHUVLVFRQGXFWHGWKURXJKWKHLQWHUQDOVROLG
VNLQ DQGKHDWV WKHGHLFLQJVXUIDFHSHULRGLFDOO\7KHGLIIHUHQWPDWHULDOSURSHUWLHVRI WKH
PXOWL-OD\HUHG VNLQ VWUXFWXUH DUH FRQVLGHUHG DQG XQVWHDG\ KHDW WUDQVIHU LQ HDFK OD\HU LV
VROYHGE\WKHVROLGKHDWFRQGXFWLRQGLIIHUHQWLDOHTXDWLRQ 
 p Tc T StU O
w    w   
ZKHUHȡ LV WKHGHQVLW\RI WKHPDWHULDOFS LV WKHVSHFLILFKHDW W LV WKHWLPH 7 LVWKH
WHPSHUDWXUHȜis the thermal conductivity, DQG6LVWKHKHDWVRXUFHWHUP 
7KH H[WHUQDO DLU-ZDWHU GURSOHW IORZ LQWHUDFWV ZLWK WKH LQWHUQDO VROLG VNLQ KHDW
FRQGXFWLRQ E\ WKH ZDWHU ILOP RQ WKH GHLFLQJ VXUIDFH WKXV WKH KHDW DQG PDVV WUDQVIHU
PRGHO RI WKH UXQEDFN ZDWHU LV DOZD\V XVHG WR FRXSOH WKH LQWHUQDO DQG H[WHUQDO KHDW
H[FKDQJH25 6LQFH WKH FRQYHFWLYH KHDW WUDQVIHU FRHIILFLHQW DQG WKH ORFDO ZDWHU GURSOHW
FROOHFWLRQHIILFLHQF\DUHREWDLQHGE\WKHVWHDG\-VWDWHH[WHUQDOVROXWLRQWKHXQVWHDG\KHDW
WUDQVIHUFDOFXODWLRQ IRU WKHGHLFLQJSURFHVV LV VLPSOLILHG WR WKHFRXSOLQJRI WKH UXQEDFN
ZDWHUWKHUPRG\QDPLFVDQGWKHVNLQKHDWFRQGXFWLRQ 
,Q WKLV SDSHU WKH HIIHFWV RI WKH DFFXPXODWHG LFH OD\HU DUH LQFOXGHG LQ WKH
FRQVHUYDWLRQHTXDWLRQVRIWKHUXQEDFNZDWHUZKLFKZLOOEHGHVFULEHGLQGHWDLOLQVHFWLRQ
 0RUHRYHU WKH FRXSOLQJ LV SHUIRUPHG E\ D WHPSHUDWXUH-EDVHG PHWKRG )RU WKH
LWHUDWLYHFDOFXODWLRQDWDWLPHVWHSWKHGHLFLQJVXUIDFHWHPSHUDWXUHFDOFXODWHGE\WKHVROLG
VNLQ KHDW FRQGXFWLRQ HTXDWLRQ LV H[WUDFWHG WR VROYH WKH WKHUPRG\QDPLF PRGHO RI WKH
UXQEDFNZDWHUDQGWKHFRUUHVSRQGLQJGHLFLQJKHDW ORDGFDQEHREWDLQHG7KHQ WKHKHDW
ORDGLVDGGHGWRWKHKHDWFRQGXFWLRQGLIIHUHQWLDOHTXDWLRQRIWKHVROLGVNLQDVD1HXPDQQ
ERXQGDU\FRQGLWLRQDQGWKHHTXDWLRQLVDSSOLHGWRXSGDWHWKHWHPSHUDWXUHVRIWKHGHLFLQJ
VXUIDFHDQGHQWLUH VNLQ&RQYHUJHQFH LQ WKHFXUUHQW WLPHVWHS LV DFKLHYHGZKHQVXUIDFH
WHPSHUDWXUH GHYLDWLRQ EHWZHHQ WKH LWHUDWLRQV PHHWV WKH VHWWLQJ YDOXH 7KH VNLQ
WHPSHUDWXUHDQGLFHWKLFNQHVVDWWKHFXUUHQWWLPHDUHVDYHGDQGWKHQWKHLWHUDWLRQIRUWKH
QH[WWLPHVWHSLVFDUULHGRXWXQWLOWKHHQWLUHGHLFLQJVLPXODWLRQLVFRPSOHWHG7KHVSHFLILF
SURFHGXUHVIRUWKHXQVWHDG\HOHFWUR-WKHUPDOGHLFLQJFDOFXODWLRQDUHSUHVHQWHGLQ)LJXUH 
 Figure 1. Flow chart for unsteady deicing simulation with temperature-based method. 
2.2 Unsteady heat and mass transfer model 
+HDWDQGPDVVWUDQVIHUDQDO\VLVLVSHUIRUPHGIRUWKHZKROHVROLGDQGOLTXLGZDWHULQ
DFRQWUROYROXPH&9RQ WKHHOHFWUR-WKHUPDOGHLFLQJVXUIDFHDVVKRZQLQ)LJXUH ,Q
DGGLWLRQWRWKHGLIIXVLRQWHUPRIWKHHQHUJ\HTXDWLRQDQGWKHFRQYHFWLRQWHUPVFDXVHGE\
ZDWHU IORZ WKHFKDQJHVRI WKHZDWHUTXDOLW\ DQGHQHUJ\ LQ WKH&9DUHDOVRDIIHFWHGE\
YDULRXVPDVVDQGKHDWVRXUFHV7KHPDVVVRXUFHVRIWKHZKROHZDWHU LQ WKH&9LQFOXGH
WKHLPSLQJLQJZDWHUIORZUDWH impm DQGWKHZDWHUHYDSRUDWLQJUDWH evapm 0HDQZKLOHWKH
HQHUJ\VRXUFHVFRQVLVWRIKHDWIORZUDWHRILPSLQJLQJZDWHU impQ HYDSRUDWLYHKHDWIORZ
UDWH evapQ FRQYHFWLYHKHDWIORZUDWH cQ DQGGHLFLQJKHDWIORZUDWH deiceQ QHHGHGIRU WKH
JLYHQVXUIDFHWHPSHUDWXUH7KHUHIRUHWKHXQVWHDG\FRQWUROHTXDWLRQVRIWKHZKROHZDWHU
LQ WKH &9 RQ WKH HOHFWUR-WKHUPDO GHLFLQJ VXUIDFH FRXOG EH REWDLQHG E\ WKH PDVV DQG
HQHUJ\FRQVHUYDWLRQV 
 
   
w
w w imp evap
w
w w w s deice imp c evap+ +
m
m m m
t
E E T Q Q Q Q
t
O
w­   °° w®w°      ° w¯
V
V
  
ZKHUHPZ LV WKH WRWDO DPRXQWRI WKHZKROH VROLGDQG OLTXLGZDWHUGHSRVLWHG LQ WKH
&9(ZLVWKHWRWDOHQHUJ\FDUULHGE\WKHZDWHULQWKH&99ZLVWKHZDWHUYHORFLW\YHFWRU
ȜZ LV WKH WKHUPDO FRQGXFWLYLW\ RI WKH ZKROH VROLG DQG OLTXLG ZDWHU DQG 7V LV WKH
WHPSHUDWXUHRIWKH&9 
 
Figure 2. Heat and mass transfer of the whole water in a CV on the deicing surface. 
6LQFHWKHZDWHULQWKH&9LQFOXGHVERWKOLTXLGZDWHUDQGVROLGLFHLWVKHDWDQGPDVV
WUDQVIHUSURFHVVHVDUHYHU\FRPSOLFDWHGEHFDXVHRIWKHGLIIHUHQWKHDWH[FKDQJHDQGIORZ
FKDUDFWHULVWLFVRIWKHVROLGDQGOLTXLGVWDWHV7KHSDUDPHWHUVLQWKHFRQVHUYDWLRQHTXDWLRQV
DUH GLIILFXOW WR GHWHUPLQH DQG WKH HTXDWLRQV FDQQRW EH VROYHG GLUHFWO\ %DVHG RQ WKH
0HVVLQJHU PRGHO26 WKH IROORZLQJ DVVXPSWLRQV DUH PDGH DFFRUGLQJ WR WKH VHWWLQJV RI
/(:,&(DQG)(16$3$OOWKHOLTXLGZDWHULQWKH&9ZRXOGUXQEDFNRXWZDUGV
ZKLOHWKHVROLGLFHGRHVQRWPRYHDQGZRXOGDFFXPXODWHRQWKHGHLFLQJVXUIDFH7KH
HQWKDOS\RIWKHOLTXLGZDWHUDWWKHIUHH]LQJSRLQWRI.LVDVVXPHGWREH]HUR
7KHWHPSHUDWXUHVRIWKHGHLFLQJVXUIDFHWKHLFHOD\HUDQGWKHUXQEDFNZDWHUDUHWKHVDPH
ZLWKWKHYDOXHRIWKH&97VDQGWKHODWHUDOKHDWFRQGXFWLRQEHWZHHQWKH&9VDORQJWKH
GHLFLQJVXUIDFHLV LJQRUHG7KHKHDWLQJHQHUJ\ZRXOGILUVWPHOW WKHDFFXPXODWHGLFH
OD\HUDQGWKHQSUHYHQWWKHLPSLQJLQJZDWHUGURSOHWVIURPIUHH]LQJ7KHOLTXLGZDWHU
IRUPHG E\ WKH LFH PHOWLQJ LV UHPRYHG IURP WKH &9 DQG ZRXOG QRW SDUWLFLSDWH LQ WKH
UXQEDFN ZDWHU IORZ  ,FH EUHDNDJH DQG VKHGGLQJ GXULQJ WKH GHLFLQJ SURFHVV DUH QRW
FRQVLGHUHG 
,W FDQEH IRXQG IURP WKH DVVXPSWLRQ  WKDW WKH WRWDO DPRXQWRI WKHZKROHZDWHU
VWD\HGLQWKH&9PZHTXDOVWRWKDWRIWKHDFFXPXODWHGLFHOD\HUPLFHDQGWKHHQWKDOS\RI
WKHLFHOD\HU(LFHLVWKHWRWDOHQHUJ\RIWKHZKROHZDWHURQWKH&9(Z,QDGGLWLRQVLQFH
WKH LFH OD\HU GRHV QRW PRYH WKH FRQYHFWLRQ WHUPV RI WKH FRQVHUYDWLRQ HTXDWLRQV DUH
GHWHUPLQHGE\ WKH OLTXLG UXQEDFNZDWHU ,Q WZR-GLPHQVLRQDOFDOFXODWLRQ WKHZDWHU ILOP
IORZVDORQJWKHDLUIRLODQGWKHUHDUH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ZKHUH inQ DQG outQ  UHVSHFWLYHO\ DUH WKH KHDW IORZ UDWHV FDUULHG E\ WKH PDVV IORZ
UDWHV RI WKH UXQEDFN ZDWHU HQWHULQJ WKH FXUUHQW &9 inm DQG IORZLQJ RXW WKH &9 outm 
$FFRUGLQJWRWKHDVVXPSWLRQWKHUHDUH 
in in ,w in ref( )pQ m c T T      
out out ,w s ref( )pQ m c T T      
ZKHUHFSZLVWKHVSHFLILFKHDWRIOLTXLGZDWHU7LQLVWKHWHPSHUDWXUHRIWKHXSVWUHDP
&9DQG7UHILVWKHIUHH]LQJSRLQWWHPSHUDWXUHRI. 
0RUHRYHULWLVNQRZQIURPWKHDVVXPSWLRQWKDWWKHGLIIXVLRQWHUPRIWKHHQHUJ\
HTXDWLRQ LV ]HUR %DVHG RQ WKRVH GHULYDWLRQV PHQWLRQHG DERYH WKH LPSOLFLW GLIIHUHQFH
VFKHPH LV XVHG WR GLVFUHWL]H WKH PDVV DQG HQHUJ\ FRQVHUYDWLRQ HTXDWLRQV RI UXQEDFN
ZDWHUDQG(TEHFRPHV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ZKHUH ǻW LV WKH WLPH VWHS DQG WKH VXSHUVFULSW L LQGLFDWHV WKHSDUDPHWHURI WKH L-WK
WLPHVWHS7KHSDUDPHWHUVZLWKRXWVXSHUVFULSWDUHWKHRQHVRIWKHL-WKWLPHVWHS,WFDQEH
VHHQ WKDW WKH PDVV DQG HQHUJ\ VRXUFHV FDUULHG E\ WKH DFFXPXODWHG LFH OD\HU DUH WLJKWO\
FRXSOHGLQWKHUXQEDFNZDWHUWKHUPRG\QDPLFPRGHO 
%DVHGRQWKH(XOHULDQPHWKRGWKHLPSLQJLQJZDWHUIORZUDWHFDQEHREWDLQHGE\ 
impm U LWC sE f   '   
ZKHUH ȕ LV WKH ORFDO ZDWHU GURSOHW FROOHFWLRQ HIILFLHQF\ 8 LV WKH IOLJKW YHORFLW\
/:&LVWKHOLTXLGZDWHUFRQWHQWDQGǻVLVWKHVXUIDFHDUHDRIWKH&9 
0HDQZKLOH impQ FRQVLVWV RI WKH HQWKDOS\ DQG WKH NLQHWLF HQHUJ\ RI WKH LPSLQJLQJ
GURSOHWVDVH[SUHVVHGDV 
2
imp imp ,w ref+ ( )2 p
UQ m c T Tf f
ª º   « »¬ ¼
  
ZKHUH7LVWKHDPELHQWVWDWLFWHPSHUDWXUH 
7KH ZDWHU HYDSRUDWLQJ UDWH FRXOG EH GHWHUPLQHG E\ WKH &KLOWRQ-&ROEXUQ DQDORJ\
WKHRU\27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ZKHUHKVLVWKHDLUFRQYHFWLYHKHDWWUDQVIHUFRHIILFLHQWFSDLULVWKHVSHFLILFKHDWRIDLU
3ULVWKH3UDQGWOQXPEHU6FLVWKH6FKPLGWQXPEHU0YDQG0DLUDUHWKHPROHFXODUZHLJKW
RIZDWHU DQGDLU UHVSHFWLYHO\SYVDW7V LV WKHVDWXUDWHGHYDSRUDWLYHSUHVVXUHDW WKH ORFDO
VXUIDFHWHPSHUDWXUHSYHLVWKHYDSRUSUHVVXUHDWWKHHGJHRIERXQGDU\OD\HUDQGSHLVWKH
VWDWLFSUHVVXUHDWWKHHGJHRIERXQGDU\OD\HU 
7KHQ evapQ FRXOGEHREWDLQHGE\ 
evap evap sv ,ice s ref ls s ref
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ZKHUH LVY LV WKHODWHQWKHDWRIVXEOLPDWLRQFSLFH LV WKHVSHFLILFKHDWRILFH LOV LV WKH
VROLGLILFDWLRQODWHQWKHDWDQGLOYLVWKHODWHQWKHDWRIYDSRUL]DWLRQ 
&RQYHFWLYHKHDWIORZUDWHFDQEHREWDLQHGE\WKHFRQYHFWLYH heat transfer coefficient
and the temperature difference: 
c s s ad( )h T TQ s  '   
ZKHUH 7DG LV WKH UHIHUHQFH VXUIDFH WHPSHUDWXUH FDOFXODWHG ZLWK DGLDEDWLF FRQGLWLRQ
IRUWKHVNLQ 
7KHHQWKDOS\RI WKH LFH OD\HUDFFXPXODWHG LQ WKH&9LVDOVRFRPSXWHGUHIHUULQJ WR
WKHZDWHUDWWKHIUHH]LQJSRLQWDVH[SUHVVHGDV 
i i i
ice ice ,ice s ref ls( )pE m c T T iª º    ¬ ¼   
,QDQXQVWHDG\VLPXODWLRQWKHLQLWLDOFRQGLWLRQLVJLYHQDQGWKHQWKHSDUDPHWHUVDW
WKH WLPHVWHSRI L- LVNQRZQZKHQVROYLQJ WKHHTXDWLRQVRI WKH L-WK WLPHVWHS)RU WKH
LWHUDWLYHSURFHVVDWHDFKWLPHVWHSWKHGHLFLQJVXUIDFHWHPSHUDWXUHFDOFXODWHGE\WKHVROLG
KHDWFRQGXFWLRQLVH[WUDFWHGDVDNQRZQSDUDPHWHULQWKHWHPSHUDWXUH-EDVHGPHWKRGDQG
WKH KHDW DQG PDVV FRQVHUYDWLRQ HTXDWLRQV RI WKH UXQEDFN ZDWHU DUH VROYHG IRU WKH
FRUUHVSRQGLQJ GHLFLQJ KHDW ORDG deiceQ s'  $FFRUGLQJ WR WKH UHODWLRQVKLS EHWZHHQ WKH
VROLG-OLTXLGVWDWHRIWKHZDWHUILOPDQGWKHIUHH]LQJSRLQWWKHGHLFLQJVXUIDFHWHPSHUDWXUH
7VL FDQ EH GLYLGHG LQWR WKUHH FDVHV WR VROYH WKH FRQVHUYDWLRQ HTXDWLRQV DW WKH IUHH]LQJ
SRLQWDERYHWKHIUHH]LQJSRLQWDQGEHORZWKHIUHH]LQJSRLQW 
:DWHUVROLGLILFDWLRQLVDVVXPHGWRKDSSHQRYHUWKHVPDOOWHPSHUDWXUHUDQJHIURP7UHI
WR 7UHIǻ7 DQG ǻ7 LV DQ DUWLILFLDO WHPSHUDWXUH UDQJH EHWZHHQ ZDWHU DQG LFH SKDVHV28
7KHUHIRUH ZKHQ WKH GHLFLQJ VXUIDFH WHPSHUDWXUH 7VL LV ZLWKLQ WKH UDQJH RI . WR
.ǻ7 LW LV FRQVLGHUHG WR EH DW WKH IUHH]LQJ SRLQW DQG WKH OLTXLG ZDWHU DQG WKH
VROLGLFHDUHVLPXOWDQHRXVO\SUHVHQWLQWKH&9&RQVLGHULQJWKHLQIOXHQFHRIWKHH[LVWLQJ
LFH OD\HU WKHGHILQLWLRQRI WKHIUHH]LQJFRHIILFLHQW I LVH[WHQGHG WR WKHXQVWHDG\GHLFLQJ
FDOFXODWLRQDQGILQGLFDWHVWKHUDWLRRIWKHLFHTXDOLW\WRWKHZKROHZDWHULQWKH&9DWWKH
WLPHVWHSRIL 
i
ice
i-1
in imp ice evap
m tf
m m m t m
'   '    
%DVHGRQ'RPLQJRVDQG:ULJKW29WKHIUHH]LQJIUDFWLRQILVUHODWHGWRWKHDUWLILFLDO
WHPSHUDWXUHUDQJHǻ7DVH[SUHVVHGEHORZ 
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%\VROYLQJ(TDQG(TWKHGHLFLQJKHDWORDG deiceQ s' DWIUHH]LQJSRLQWFDQ
EHREWDLQHG,WLVNQRZQIURPWKHDVVXPSWLRQWKDWWKHKHDWLQJHQHUJ\LVXVHGWRPHOW
WKH H[LVWLQJ LFH UDWKHU WKDQ SUHYHQWLQJ ZDWHU IUHH]LQJ 7KHUHIRUH WKH DFFXPXODWHG LFH
OD\HUDWWKHWLPHVWHSRIL-PLJKWPHOWDVDUHVXOWRIWKHHOHFWULFDOKHDWLQJSRZHUEXWDW
WKHVDPHWLPHWKHLFHOD\HUFRXOGJURZRXWZDUGVGXHWRWKHLPSDFWRIVXSHU-FRROHGZDWHU
GURSOHWV$IWHUDOOWKHH[LVWLQJLFHPHOWVWKHH[FHVVKHDWWKHQUHGXFHVWKHGURSOHWIUHH]LQJ
UDWHDWWKHWLPHVWHSRILVLQFHLFHVKHGGLQJLVQRWFRQVLGHUHGDFFRUGLQJWRWKHDVVXPSWLRQ
,QDGGLWLRQEDVHGRQWKHVHWWLQJRI)(16$3-,&(DQGWKHDVVXPSWLRQWKHOLTXLG
ZDWHU IRUPHGE\ LFHPHOWLQJ LV UHPRYHGIURPWKHUXQEDFNZDWHUIORZUDWH outm IORZLQJ
RXWRIWKH&9 
:KHQ7VL!.ǻ7WKHGHLFLQJVXUIDFHWHPSHUDWXUHLVKLJKHUWKDQWKHIUHH]LQJ
SRLQWWKXVWKHUHLVQRLFHLQWKH&9DQGWKHFRQVHUYDWLRQHTXDWLRQVEHFRPH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,Q WKLV FRQGLWLRQ DOO WKH LFH OD\HU LV PHOWHG $FFRUGLQJ WKH DVVXPSWLRQ  WKH
RXWIORZUXQEDFNZDWHUIORZUDWH outm LVUHGXFHGE\WKHPHOWLQJLFH i-1icem t'  
:KHQ 7VL  . WKH UXQEDFN ZDWHU LQ WKH &9 LV FRPSOHWHO\ IUR]HQ ZLWK QR
ZDWHUIORZLQJRXWDQGWKHFRQVHUYDWLRQHTXDWLRQVEHFRPH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7RVXPXSWKHGHLFLQJKHDWORDG deiceQ s' DQGWKHDFFXPXODWHGLFHOD\HU iicem FDQEH
REWDLQHG EDVHG RQ WKH GLIIHUHQW GHLFLQJ VXUIDFH WHPSHUDWXUH FRQGLWLRQV E\ VROYLQJ
FRUUHVSRQGLQJKHDWDQGPDVVFRQVHUYDWLRQHTXDWLRQVRIWKHUXQEDFNZDWHU7KHQWKHLFH
WKLFNQHVVDWFXUUHQWWLPH+LFDQEHFDOFXODWHGE\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ZKHUHȡLFHLVWKHGHQVLW\RILFH 
3 Numerical simulation 
3.1 Geometry and Conditions 
,QRUGHUWRYHULI\WKHXQVWHDG\PRGHOD1$&$DLUIRLOHOHFWUR-WKHUPDOGHLFLQJ
V\VWHPLVVHOHFWHGIRUQXPHULFDOVLPXODWLRQIURPUDUHRSHQOLWHUDWXUH7KHH[SHULPHQWV
RIWKLVV\VWHPZHUHFRQGXFWHGLQWKH/HZLV,57DQGWKHH[SHULPHQWDOUHVXOWVKDYHEHHQ
XVHG WR YDOLGDWH WKH XQVWHDG\ GHLFLQJ PRGHOV RI /(:,&(7KHUPDO DQG )(16$3-,&(
VRIWZDUH 7KH 1$&$  DLUIRLO KDV D FKRUG OHQJWK RI  P DQG WKH VSHFLILF
JHRPHWULF PRGHO LV VKRZQ LQ )LJXUH  7KHUH DUH VHYHQ KHDWHUV ZLWK GLIIHUHQW OHQJWKV
DUUDQJHGDURXQGWKHOHDGLQJHGJHLQVLGHWKHVNLQDQGWKHKHDWLQJSRZHURIHDFKFDQEH
FRQWUROOHG LQGLYLGXDOO\ 'XH WR PDQXIDFWXULQJ GLIILFXOWLHV WKH VHYHQ KHDWHUV DUH QRW
V\PPHWULFDOO\ LQVWDOOHG EXW DUH RIIVHW E\ DERXW  PP IURP WKH OHDGLQJ HGJH 7KH
VSHFLILFSRVLWLRQVRIWKHKHDWHUVDUHDVOLVWHGLQ7DEOHZKHUHWKHGLPHQVLRQOHVVGLVWDQFH
VF    PHDQV WKH OHDGLQJ HGJH RI WKH DLUIRLO DQG VF LV SRVLWLYH IRU WKH XSSHU DLUIRLO
VXUIDFH 
 Figure 3. Geometry and heaters of the electro-thermal deicing system. 
Table 1. Positions of the heating elements17. 
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$VVKRZQLQ)LJXUHWKHPXOWL-OD\HUHGVNLQVWUXFWXUHRIWKHHOHFWUR-WKHUPDOGHLFLQJ
V\VWHPLVPDGHRIOD\HUVDQG7DEOHOLVWVWKHLUPDWHULDOSURSHUWLHVDQGWKLFNQHVVHV7KH
HQHUJ\JHQHUDWHGE\WKHHOHFWULFDOKHDWLQJOD\HULVWUDQVIHUUHGWRWKHRXWHUVNLQVXUIDFHVE\
PHDQVRIKHDWFRQGXFWLRQ6LQFHWKHWRWDO WKLFNQHVVDQGWKHUPDO UHVLVWDQFHRIWKHOD\HUV
RXWVLGHWKHKHDWLQJHOHPHQWVDUHVPDOOZKLOHWKHYDOXHVRIWKHLQQHUOD\HUVDUHODUJHWKH
KHDWLQJHQHUJ\LVPDLQO\WUDQVIHUUHGRXWZDUGVDQGWKHKHDWOHDNDJHWRWKHLQQHUVXUIDFHRI
WKHVNLQLVYHU\VPDOO 
 
 
Table 2. Material properties of the skin17. 
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&DVH  DQG &DVH  LQ 5HI  DUH FKRVHQ IRU XQVWHDG\ GHLFLQJ VLPXODWLRQ 7KH
ERXQGDU\FRQGLWLRQVRIWKHH[WHUQDODLUIORZDQGVXSHU-FRROHGZDWHUGURSOHWVPRWLRQDUH
WKHVDPHIRUERWKFDVHVWKHIOLJKWYHORFLW\LVPVZLWKDQJOHRIDWWDFN$2$RIq, 
WKHDPELHQWWHPSHUDWXUHLV-qC/:&LVJPDQGWKHZDWHUGURSOHWGLDPHWHULV
ȝP7KHLQLWLDOWHPSHUDWXUHRIWKHVROLGVNLQLVVHWWREHWKHDPELHQWWHPSHUDWXUHRI-
qCDQGWKHUHLVQRLFHOD\HUDFFXPXODWHGRQWKHGHLFLQJVXUIDFHDWWKHEHJLQQLQJRI
WKHVLPXODWLRQ 
7KH KHDWHU F\FOH RI  V LV SHUIRUPHG IRU WKH HOHFWUR-WKHUPDO GH-LFLQJ V\VWHP
+HDWHU$LVDKHDWEODGHZLWKDQHOHFWULFDOSRZHURIN:PDQGLWLVDFWLYDWHGGXULQJ
WKHZKROHGHLFLQJSURFHVV7KHRWKHUKHDWHUVDUHXVHGWRGHLFLQJDQGZRUNIRURQO\V
WKURXJKRXW HDFK F\FOH )RU &DVH  WKH KHDWHUV % DQG & KDYH D KHDWLQJ SRZHU RI 
N:PDQGDUHDFWLYDWHGIURPVWRVZKLOHWKHKHDWLQJSRZHUVRIWKHKHDWHUV'-
*DUHN:PDQGWKHKHDWHUVZRUNIURPVWRVDWHYHU\F\FOH)RU&DVH
WKH WXUQ RQ WLPH SRLQWV RI WKH KHDWHUV %-* DUH WKH VDPH ZLWK WKRVH RI &DVH  EXW WKH
KHDWLQJSRZHUVDUHDOOVHWWREHN:P 
3.2 Verification of the deicing model 
)LJXUH  VKRZV WKH ORFDO ZDWHU GURSOHW FROOHFWLRQ HIILFLHQF\ DQG FRQYHFWLYH KHDW
WUDQVIHUFRHIILFLHQWRIWKH1$&$DLUIRLOIRUHOHFWUR-WKHUPDOGHLFLQJVLPXODWLRQDQG
WKHUHVXOWVDUHQRWXSGDWHGGXULQJWKHHQWLUHXQVWHDG\FDOFXODWLRQ,WFDQEHVHHQWKDWVLQFH
WKH$2$LVq, the curves are symmetric along the upper and lower surfaces. The results 
ERWKUHDFKWKHLUPD[LPXPYDOXHVDWWKHOHDGLQJHGJHRIWKHDLUIRLO$VWKHGLVWDQFHIURP
WKHOHDGLQJHGJHLQFUHDVHVWKHORFDOFROOHFWLRQHIILFLHQF\ȕGHFOLQHVWRZLWKWKHZDWHU
GURSOHW LPSLQJHPHQW OLPLWV DW WKH SRVLWLRQV RI VF  ZKLOH WKH FRQYHFWLYH KHDW
WUDQVIHUFRHIILFLHQWGHFUHDVHVWRDORZYDOXHDQGWKHQLQFUHDVHVGXHWRWKHERXQGDU\OD\HU
WUDQVLWLRQ7KHH[WHUQDODLU-GURSOHWIORZUHVXOWVREWDLQHGE\5$16DQG(XOHULDQPHWKRG
ZHUH DOUHDG\ XVHG IRU DQWL-LFLQJ FDOFXODWLRQV DQG WKH VROXWLRQV DJUHHG ZHOO ZLWK WKH
H[SHULPHQWDO GDWD 30  7KHUHIRUH WKH\ DUH FRQVLGHUHG WR EH DFFXUDWH IRU WKH XQVWHDG\
GHLFLQJFDOFXODWLRQ 
 
Figure 4. Local collection efficiency and heat transfer coefficient30. 
$WHDFK WLPHVWHS WKHH[WHUQDODQG LQWHUQDOFRXSOLQJKHDW WUDQVIHUPRGHO LVVROYHG
ZLWK UHOD[DWLRQFRHIILFLHQW WRJXDUDQWHH WKHFRQYHUJHQFH DQG WKHFDOFXODWLRQ FRQYHUJHV
VORZO\ HVSHFLDOO\ ZKHQ WKH &9 LV LQ WKH PXVK ]RQH RI WKH IUHH]LQJ SRLQW )LJXUH 
SUHVHQWVWKHWHPSHUDWXUHFKDQJHVRIWKHKHDWHUVIRU&DVHDQG&DVHZLWKWKHWLPHVWHSV
RIVVDQGV6LQFHWKHKHDWLQJWLPHRIWKHGHLFLQJF\FOHVDUHWKHVDPHIRU&DVH
 DQG &DVH  WKHLU WHPSHUDWXUH WUHQGV DUH VLPLODU :KHQ D KHDWHU LV WXUQHG RQ WKH
FRUUHVSRQGLQJ WHPSHUDWXUH ZRXOG ULVH TXLFNO\ ,W FDQ EH IRXQG WKDW WKH WHPSHUDWXUH
FXUYHVIRUHDFKKHDWHUDUHDOOLQJRRGDJUHHPHQWLQGLFDWLQJWKDWWKHHVWDEOLVKHGXQVWHDG\
GHLFLQJPRGHOLVVOLJKWO\DIIHFWHGE\WKHWLPHVWHS,QRUGHUWRUHGXFHWKHFDOFXODWLRQWLPH
WKHWLPHVWHSRIV LVXVHGIRU WKHVLPXODWLRQDQGDQDO\VLVRIWKHHQWLUHHOHFWUR-WKHUPDO
GHLFLQJSURFHVVHV 
 
(a) Case 1 
 (b) Case 2 
Figure 5. Temperature results with the time steps of 1, 0.5, and 0.25 s. 
)LJXUHSUHVHQWV WKHFRPSDULVRQVRI WKH WHPSHUDWXUHYDULDWLRQVZLWK WKH OLWHUDWXUH
GDWDRIWKHKHDWHU%IRU&DVHDQG&DVH6LQFHWKHKHDWHUVDUHDUUDQJHGDV\PPHWULFDOO\
DORQJWKHXSSHUDQGORZHUDLUIRLOWKHWHPSHUDWXUHFXUYHVRIWKHKHDWHUV%DQG&DUHOLVWHG
LQWKHVDPHILJXUHDQGWKH\SHUIRUPHGGLIIHUHQWO\)RU&DVHWKHKLJKHVWDQGWKHORZHVW
SUHGLFWHGWHPSHUDWXUHVRIWKHKHDWHU&DUHFORVHUWRWKHH[SHULPHQWUHVXOWVRIWKHKHDWHU%
ZKLOHWKHSUHGLFWHGPD[LPXPWHPSHUDWXUHRIWKHKHDWHU%LVVPDOOHUEXWWKHWHPSHUDWXUH
GURSFXUYHDJUHHVEHWWHUZLWKWKRVHRI/(:,&(DQG)(16$3-,&(,WFDQDOVREHVHHQ
IURP )LJXUH D WKDW WKH LQLWLDO VWDWH YDQLVKHV DIWHU WKH ILUVW GHLFLQJ F\FOH DQG WKHQ WKH
KHDWHU WHPSHUDWXUHV FKDQJH SHULRGLFDOO\ )RU &DVH  WKHUH LV RQO\ WKH GDWD RI WKH ILUVW
F\FOHDYDLODEOHIRUFRPSDULVRQ$VVKRZQFOHDUO\LQ)LJXUHEWKHSUHGLFWHGWHPSHUDWXUH
ULVHUDWHDQGWKHSHDNRIWKHKHDWHU&DOVRPDWFKEHWWHUZLWKWKHH[SHULPHQWPHDVXUHPHQWV
RI WKH KHDWHU % ZKLOH WKH SUHGLFWHG GURS UDWH RI WKH KHDWHU % LV FORVHU WR WKH FXUYH RI
/(:,&(,WVKRXOGEHQRWHGIURPWKHFRPSDULVRQRIWKHDV\PPHWULFRIIVHWGLUHFWLRQLQ
5HIWKDWWKHUHVXOWVREWDLQHGE\)(16$3-,&(ZHUHDOVRWKHWHPSHUDWXUHFKDQJHVRI
WKHKHDWHU&ZKLFKZHUHFRQVLVWHQWZLWKWKHH[SHULPHQWGDWDRIWKHKHDWHU% 
 
(a) Case 1 
 
(b) Case 2 
Figure 6. Comparison of temperature change with literature data of the heater B. 
6LQFHHOHFWUR-WKHUPDOGHLFLQJSURFHVVLVDFRPSOH[XQVWHDG\KHDWWUDQVIHUSUREOHP
WKH WHPSHUDWXUHHUURUPD\RFFXUDFFRUGLQJ WR WKHIROORZLQJUHDVRQV ,W LVGLIILFXOW WR
JHWWKHH[DFWH[WHUQDODLU-GURSOHWIORZUHVXOWVDQGWKHQWKHHUURUVZRXOGDFFXPXODWHLQWKH
SURFHVV RI XQVWHDG\ FDOFXODWLRQ ,Q DGGLWLRQ WKH UXQEDFN ZDWHU IORZ DORQJ WKH GHLFLQJ
VXUIDFHZRXOGIXUWKHUHQODUJHWKHWHPSHUDWXUHGHYLDWLRQVIRUWKHGRZQVWUHDPORFDWLRQV
7KHHVWDEOLVKHGPRGHOGRHVQRW WDNHLQWRDFFRXQW WKHLFHVKHGGLQJDQGWKHSUHVHQFHRI
LFH OD\HU ZRXOG PDNH WKH SUHGLFWHG WHPSHUDWXUH ORZHU DW WKH LFLQJ DUHD EXW KLJKHU DW
GRZQVWUHDP ORFDWLRQ  7KH WHPSHUDWXUH GLVWULEXWLRQV LQ WKH ZDWHU ILOP DQG WKH LFLQJ
OD\HUDUHQRWFRQVLGHUHGZKLFKDIIHFWVFRQMXJDWHKHDWWUDQVIHUFKDUDFWHULVWLFV*HQHUDOO\
WKH WHPSHUDWXUH UHVXOW REWDLQHGE\ WKHXQVWHDG\ HOHFWUR-WKHUPDOGHLFLQJ PRGHOPDWFKHV
DFFHSWDEO\ ZLWK WKH OLWHUDWXUH GDWD DQG WKH SUHVHQW PRGHO DQG WKH WHPSHUDWXUH-EDVHG
PHWKRGDUHYHULILHG 
4 Analysis and Discussion 
4.1 Icing process 
,FHDFFUHWLRQPD\RFFXUDWGLIIHUHQWSODFHVGXULQJWKHZKROHGHLFLQJVLPXODWLRQ7KH
LFLQJSURFHVVDQDO\]HGKHUHLVWKHWLPHEHIRUHVLQWKHILUVWGHLFLQJF\FOHDQGLWVWDUWV
ZLWKORZLQLWLDOVNLQWHPSHUDWXUH6LQFHWKHFRQGLWLRQVRIWKHH[WHUQDODLU-GURSOHWIORZDQG
WKH KHDWLQJ SRZHU RI WKH KHDWHU $ DUH WKH VDPH IRU &DVH  DQG &DVH  WKHLU LFLQJ
SURFHVVHVDUHLGHQWLFDO)LJXUHSUHVHQWVWKHWHPSHUDWXUHVUXQEDFNZDWHUIOX[HVDQGLFH
WKLFNQHVVHV RQ WKH GHLFLQJ VXUIDFH DW GLIIHUHQW LFLQJ PRPHQWV $V WKH LQLWLDO VNLQ
WHPSHUDWXUHLVPXFKORZHUWKDQWKHIUHH]LQJSRLQWWKHVXUIDFHWHPSHUDWXUHLVVWLOOEHORZ
.DIWHUWKHKHDWHU$LVWXUQHGRQIRUVHFRQGDQGWKHLPSLQJLQJZDWHUGURSOHWVDOO
IUHH]HLQWRDWKLQLFHOD\HULQVWDQWO\ZLWKRXWDQ\UXQEDFNZDWHU,QWKHWHPSHUDWXUH-EDVHG
PHWKRG WKH ODWHQW HQHUJ\ UHOHDVHG E\ LFLQJ LV DGGHG WR WKH VNLQ KHDW FRQGXFWLRQ DV D
1HXPDQQ ERXQGDU\ DQG WKH VXUIDFH WHPSHUDWXUH ZLWKLQ WKH LPSLQJHPHQW UDQJH ZRXOG
ULVHXQGHUWKHFRPELQHGLQIOXHQFHVRIWKHHOHFWULFDOKHDWLQJDQGWKHODWHQWKHDW7KHUHIRUH
WKH QRQ-SK\VLFDO WHPSHUDWXUH FKDQJH RI WKH KHDW-IOX[-EDVHG PHWKRG LV DYRLGHG LQ WKH
FDOFXODWLRQRIWKHILUVWWLPHVWHS 
 
(a) Surface temperature distributions. 
 
(b) Runback water flux distributions. 
 (c) Ice thickness distributions. 
Figure 7. Results at different times in the icing process. 
$VWLPHLQFUHDVHVWKHHQHUJ\JHQHUDWHGE\WKHKHDWEODGHRIWKHKHDWHU$JUDGXDOO\
UHDFKHV WKH RXWHU VNLQ VXUIDFH DQG WKH ULVLQJ WHPSHUDWXUH ZRXOG PHOW WKH H[LVWLQJ LFH
OD\HUDQGSUHYHQWWKHLPSLQJLQJZDWHUGURSOHWVIURPIUHH]LQJLQWKHKHDWHGDUHD$WV
WKHVXUIDFHWHPSHUDWXUHLVDURXQGWKHIUHH]LQJSRLQWZLWKVRPHSDUWDERYH.DQG
WKH WKLQ LFH OD\HU RYHU WKH KHDWHU $ EHJLQV WR PHOW ZLWK UXQEDFN ZDWHU IRUPHG RQ WKH
GHLFLQJ VXUIDFH 6LQFH GURSOHW LPSLQJHPHQW UDQJH LV ODUJHU WKDQ WKH KHDWHG DUHD RI WKH
KHDWHU$WKHUXQEDFNZDWHURYHUWKHKHDWHU$ZRXOGIORZEDFNZDUGVDQGIUHH]HLQWRLFH
OD\HUWRJHWKHUZLWKWKHFROOHFWHGZDWHUGURSOHWVRQWKHRXWVLGHVXUIDFHVRI WKHKHDWHUV%
DQG& 
$W WKH WLPH RI  V WKH VXUIDFH WHPSHUDWXUH RYHU WKH KHDWHU $ LV DOO DERYH WKH
IUHH]LQJSRLQWDQGQRLFHLVREVHUYHGWKHUH7KHDPRXQWDQGUDQJHRIWKHUXQEDFNZDWHU
EHFRPHODUJHUZKLOHWKHLFHOD\HUVRYHUWKHKHDWHUV%DQG&NHHSJURZLQJ,QDGGLWLRQ
VLQFHWKHLQLWLDOVNLQWHPSHUDWXUHLVVHWWRWKHDPELHQWVWDWLFWHPSHUDWXUHWKHWHPSHUDWXUH
RIWKHERXQGDU\OD\HUDURXQGWKHDLUIRLOZRXOGEHKLJKHUWKDQWKHLQLWLDOYDOXHDVDUHVXOW
RI WKH DHURG\QDPLFKHDWLQJ7KHUHIRUH DV VKRZQ LQ )LJXUHD WKH VXUIDFH WHPSHUDWXUH
ZLWKRXW WKH LQIOXHQFHV RI WKH LPSLQJLQJ ZDWHU DQG WKH HOHFWULFDO KHDWLQJ ZRXOG DOVR
JUDGXDOO\ LQFUHDVH ZLWK WLPH GXH WR WKH DLU FRQYHFWLYH KHDW WUDQVIHU ZKLFK ZDV DOVR
GHVFULEHGLQ5HI 
7KHGLIIHUHQFHVRIWKHVXUIDFHWHPSHUDWXUHDQGUXQEDFNZDWHUIOX[EHWZHHQVDQG
VDUHVOLJKWDQGWKHLQFUHDVHRIWKHLFHWKLFNQHVVLVVWDEOHPHDQLQJWKDWWKHWKHUPDO
HTXLOLEULXPRIWKHLFLQJSURFHVVDSSURDFKHVVWHDG\VWDWH)LJXUHVKRZVWKHWHPSHUDWXUH
GLVWULEXWLRQ LQ WKHVROLGVNLQDWV'XH WR WKHDV\PPHWULF OD\RXWRI WKHKHDWHUV WKH
WHPSHUDWXUHRQWKHXSSHUVXUIDFHLVKLJKHUWKDQWKDWRQWKHORZHURQHEXWWKHWHPSHUDWXUH
ULVHUHJLRQVRQERWKVXUIDFHVDUHVLPLODUGXHWRWKHVDPHVL]HRIWKHGURSOHWLPSLQJHPHQW
UDQJHV,QDGGLWLRQLWFRXOGEHVHHQIURP)LJXUHWKDWLQWKHLFLQJSURFHVVWKHUXQEDFN
ZDWHU IOX[ DQG LWV UDQJH DUH ODUJHU RQ WKH XSSHU VXUIDFH ZKLOH WKH LFLQJ DUHD DQG LFH
WKLFNQHVVDUHVPDOOHU WKHUH7KHUH LVQRUXQEDFNZDWHURXWVLGH WKHGURSOHW LPSLQJHPHQW
UDQJHDQGWKHLFHOD\HUVDUHDOOZLWKLQWKHLPSLQJHPHQWOLPLWV 
 
Figure 8. Contour of temperature (K) in the solid skin at 100 s. 
4.2 Ice melting process 
$IWHUWKHKHDWHUV%DQG&DUHWXUQHGRQDWVWKHKHDWLQJHQHUJ\LQFUHDVHVWKHLU
RXWVLGHVXUIDFHWHPSHUDWXUHVDQGWKHLFHPHOWLQJSURFHVVEHJLQVIRUWKHGHLFLQJV\VWHP
DVVKRZQLQ)LJXUH6LQFHWKHHOHFWULFDOGHLFLQJSRZHUVRI&DVHDUHJUHDWHUWKDQWKRVH
RI&DVHLWVVXUIDFHWHPSHUDWXUHVRYHUWKHKHDWHUV%DQG&DUHKLJKHUDWWKHWLPHRI
V 6LQFH LFH EUHDNDJH DQG VKHGGLQJ DUH QRW FRQVLGHUHG WKH DFFXPXODWHG LFH OD\HU KDV
JUHDWLQIOXHQFHRQWKHWHPSHUDWXUHGLVWULEXWLRQ,WFDQEHVHHQIURP)LJXUHWKDWDWV
WKHLFHWKLFNQHVVHVDUHUHGXFHGDORWIURPWKRVHRIVIRU&DVHZKLOHWKHGHFUHDVHV
RIWKHLFHOD\HUVDQGWKHLUUDQJHVIRU&DVHDUHUHODWLYHO\VPDOO7KHUHIRUHWKHUXQEDFN
ZDWHUUDQJHRI&DVHEHFRPHVODUJHURQWKHXSSHUVXUIDFHZKLOHWKDWRI&DVHFKDQJHV
VOLJKWO\IURPWKDWDWV$VWKHLFHOD\HUVRQWKHVXUIDFHVDUHQRWPHOWHGFRPSOHWHO\IRU
ERWKFDVHVWKHORZHVWVXUIDFHWHPSHUDWXUHRYHUWKHKHDWHUV%DQG&LVNHSWDWWKHIUHH]LQJ
SRLQW 
 
(a) Surface temperature distributions. 
 (b) Runback water flux distributions. 
 
(c) Ice thickness distributions. 
Figure 9. Results at different times in the ice melting process. 
7KHUXQEDFNZDWHUIOX[DQGLWVUDQJHRQWKHORZHUVXUIDFHDUHVPDOOIRUERWKFDVHVDW
VDQG WKHVXUIDFH WHPSHUDWXUH LVDOVR ORZHU WKHUHDVVKRZQ LQ)LJXUH7KHUHDUH
WZRUHDVRQVIRU WKDW)LUVWO\ WKH LFLQJDUHDDQG LFH WKLFNQHVVRQ WKH ORZHUVXUIDFHZHUH
ODUJHU EHIRUH WKH WZR GHLFLQJ KHDWHUV DUH WXUQHG RQ VR PRUH KHDWLQJ HQHUJ\ LV XVHG WR
PHOWWKHDFFXPXODWHGLFHOD\HU6HFRQGO\VLQFHWKHKHDWHU%LVFORVHUWRWKHOHDGLQJHGJH
WKDQWKHKHDWHU&GXHWRWKHDV\PPHWULFDUUDQJHPHQWFRQYHFWLYHKHDWWUDQVIHUFRHIILFLHQW
RYHUWKHKHDWHU%LVODUJHUDQGWKHUHVXOWLQJJUHDWHUHYDSRUDWLYHDQGFRQYHFWLYHKHDWIORZ
UDWHVPDNHPRUHLPSLQJLQJZDWHUGURSOHWVIUHH]HDWWKHORZHUVXUIDFH 
6LQFHWKHVNLQWHPSHUDWXUHVDURXQGWKHKHDWHU%DQG&DUHTXLWHKLJKDWVWKHLFH
OD\HUVNHHSPHOWLQJDIWHUWKHKHDWHUVDUHWXUQHGRII7KHLFHWKLFNQHVVHVRYHUWKHKHDWHUV%
DQG&DUHVPDOOHUDWV IRUERWKFDVHV DQG WKHUH LV HYHQQR LFHIRU&DVHRYHU WKH
KHDWHU & ZKHUH WKH ORZHVW VXUIDFH WHPSHUDWXUH LQFUHDVHV DERYH  . 7KH
GRZQVWUHDPWHPSHUDWXUHVJRXSZLWKWKHKHDWHUV'-*DFWLYDWHG)RU&DVHWKHVXUIDFH
WHPSHUDWXUHV RYHU WKH KHDWHUV '-* DUH DOO KLJK DW  V EHFDXVH WKHUH LV DOPRVW QR
UXQEDFNZDWHU IORZ LQWR WKRVH UDQJHV IURPXSVWUHDPVXUIDFHV)RU&DVH  WKH UXQEDFN
ZDWHURQWKHRXWVLGHVXUIDFHRIWKHKHDWHU&IORZVWKURXJKWKHGRZQVWUHDPVXUIDFHVRYHU
WKHKHDWHUV(DQG)DQGIUHH]HVLQWRDQLFHULGJHDZD\IURPWKHSURWHFWHGDUHDZKLFKZDV
DOVR IRXQG RQ WKH XSSHU DLUIRLO VXUIDFH LQ 5HI  8QGHU WKH LQIOXHQFH RI WKH UXQEDFN
ZDWHUWKHXSSHUVXUIDFHWHPSHUDWXUHRI&DVHLVORZHUWKDQWKDWRI&DVHHYHQWKRXJK
WKHKHDWLQJSRZHUVDUHODUJHU+RZHYHUWKHUXQEDFNZDWHUUDQJHRI&DVHLVDOVRVPDOO
RQ WKH ORZHUVXUIDFHDW V DQG WKH WHPSHUDWXUH WKHUH LVYHU\KLJKZLWKQR LFH ULGJH
IRUPHGRXWVLGHWKHORZHUKHDWHGDUHD 
)LJXUHSUHVHQWVWKHFRQWRXUVRIWKHVNLQWHPSHUDWXUHDWVIRUERWKFDVHV,WFDQ
EHVHHQFOHDUO\WKDWWKHXSSHUVNLQRI&DVHKDVKLJKHUWHPSHUDWXUHWKDQWKHORZHURQH
ZKLOH WKH WHPSHUDWXUHV RI WKH KHDWHUV '-* IRU &DVH  DUH DW WKH VLPLODU OHYHO ZLWK GU\
RXWHUVXUIDFHV$WWKLVWLPHWKHWHPSHUDWXUHVDURXQGWKHKHDWHUV%DQG&DUHORZIRUERWK
FDVHV ,Q DGGLWLRQ WKH LQQHU VNLQ WHPSHUDWXUHV XQGHU WKH GHLFLQJ KHDWHUV DUH ORZ ZLWK
VPDOO WHPSHUDWXUH JUDGLHQW ZKLOH WKH RXWHU VNLQV KDYH KLJK WHPSHUDWXUH JUDGLHQWV
LQGLFDWLQJPRVWRIWKHGHLFLQJHQHUJ\LVWUDQVIHUUHGRXWZDUGV7KHXQVWHDG\WHPSHUDWXUH
GLVWULEXWLRQV LQ WKH VNLQ DUH DIIHFWHG E\ WKH PDWHULDO SURSHUWLHV RI WKH PXOWL-OD\HUHG
VWUXFWXUHDQGWKHFRQWUROODZRIWKHHOHFWUR-WKHUPDOGHLFLQJKHDWHUV 
 
(a) Case 1 
 
(a) Case 2 
Figure 10. Contour of temperature (K) in the solid skin at 120 s. 
4.3 Re-freezing process 
8QOLNHLFLQJSURFHVVUH-IUHH]LQJRQHEHJLQVZLWKYHU\KLJKVNLQWHPSHUDWXUHZKHQ
WKH KHDWHUV %-* DUH WXUQHG RII :LWK WKH GHFUHDVLQJ VXUIDFH WHPSHUDWXUH WKLV SURFHVV
VWDUWV DW  V IRU WKH VXUIDFHV RYHU WKH KHDWHUV % DQG & ZKLOH WKH EHJLQQLQJ WLPH IRU
WKRVHRIWKHKHDWHUV'-*LVV6LQFHWKHUXQEDFNZDWHUGRHVQRWIORZRXWRIWKHKHDWHG
DUHDVRYHUWKHKHDWHUV%DQG&IRU&DVHWKHVXUIDFHVRYHUKHDWHUV'-*DUHGU\DQGWKH
GLVWULEXWLRQ RI WKH UXQEDFN ZDWHU IOX[ FKDQJHV VOLJKWO\ DIWHU  V 7KH VXUIDFH
WHPSHUDWXUHVMXVWGURSZLWKWLPHDQGWKHLFHOD\HUVEHFRPHWKLFNHUDWWKHIL[HGSRVLWLRQV
RYHUWKHKHDWHUV%DQG&DVVKRZQLQ)LJXUH7KHVLWXDWLRQLVWKHVDPHIRUWKHORZHU
VXUIDFHRI&DVHEXWWKHLFHWKLFNQHVVLVVPDOOHUEHFDXVHPRUHLFHOD\HUKDVEHHQPHOWHG
XQGHUWKHODUJHUKHDWLQJSRZHURI&DVH)RUWKHXSSHUVXUIDFHRI&DVHUXQEDFNZDWHU
ILOPIORZVRYHUWKHKHDWHUV(DQG)DWV:KHQWKHVXUIDFHWHPSHUDWXUHGHFUHDVHWR
WKH IUHH]LQJSRLQW WKH UXQEDFNZDWHUEHFRPHVVROLG LFHDQGFRXOGQRW IORZEDFNZDUGV
DQ\PRUH$VFDQEHVHHQIURP)LJXUHEDQG)LJXUHFWKHUXQEDFNZDWHUUDQJHRQWKH
XSSHUVXUIDFHVKULQNVZLWKWLPHDQGWKHLFHOD\HUDSSHDUVDJDLQRYHUWKHKHDWHU&DW
V 0RUHRYHU WKH UH-IUHH]LQJ LFH DUHD LV ODUJHU WKDQ WKDW RI WKH LFLQJ SURFHVV GXH WR WKH
ODUJHUUXQEDFNZDWHUUDQJH 
$WWKHWLPHRIVWKHVXUIDFHWHPSHUDWXUHLVDOOEHORZWKHIUHH]LQJSRLQWH[FHSW
WKHSURWHFWHGDUHDRYHUWKHKHDWHU$$WWKLVWLPHWKHUXQEDFNZDWHUUDQJHLVUHGXFHGWR
WKH YDOXH RI  V DQG WKH LFH OD\HU EHFRPH WKLFNHU RQO\ LQ WKH ZDWHU GURSOHW
LPSLQJHPHQWUDQJHLQGLFDWLQJWKDWWKHLFHDFFUHWLRQRIWKHUH-IUHH]LQJSURFHVVDSSURDFKHV
VWHDG\$IWHUWKDWWKHVNLQWHPSHUDWXUHZRXOGIXUWKHUGHFUHDVHDQGWKHLFHOD\HUZRXOGEH
WKLFNHQHGXQWLOWKHKHDWHUV%-*DUHWXUQHGRQDJDLQ 
 (a) Surface temperature distributions. 
 
(b) Runback water flux distributions. 
  
(c) Ice thickness distributions. 
Figure 11. Results at different times in the re-freezing process. 
Conclusions 
,Q WKH SUHVHQW ZRUN WKH PDVV DQG HQHUJ\ VRXUFHV FDUULHG E\ WKH DFFXPXODWHG LFH
OD\HU DUH VXFFHVVIXOO\ DGGHG LQWR WKH XQVWHDG\ WKHUPRG\QDPLF PRGHO RI WKH UXQEDFN
ZDWHU :LWK UHGHILQLWLRQ RI WKH IUHH]LQJ FRHIILFLHQW WKH HOHFWUR-WKHUPDO GH-LFLQJ
VLPXODWLRQ DUH FDUULHG RXW E\ D WHPSHUDWXUH-EDVHG PHWKRG ZKLFK FRXSOHV WKH KHDW
WUDQVIHU EHWZHHQ WKH UXQEDFN ZDWHU DQG WKH VROLG VNLQ DW HDFK WLPH VWHS 7KH WUDQVLHQW
UHVXOWV RI WKH 1$&$  HOHFWUR-WKHUPDO GHLFLQJ V\VWHP DUH FRPSDUHG ZLWK WKH
OLWHUDWXUH GDWD DQG WKH WHPSHUDWXUH GHYLDWLRQV DUH DFFHSWDEOH YHULI\LQJ WKH XQVWHDG\
WHPSHUDWXUH-EDVHGGHLFLQJPRGHO 
7KH VLPXODWLRQ UHVXOWV DOVR VKRZ WKDW WKH HVWDEOLVKHG GHLFLQJ PRGHO LV VOLJKWO\
DIIHFWHGE\ WKH WLPH VWHS7KHQ WKHKHDW DQGPDVV WUDQVIHU FKDUDFWHULVWLFV DUH DQDO\]HG
GXULQJWKHLFLQJLFHPHOWLQJDQGUH-IUHH]LQJSURFHVVHVLQWKHWUDQVLHQWGHLFLQJVLPXODWLRQ
DQG WKH PDLQ IHDWXUHV DUH VHHQ WR EH ZHOO PRGHOHG ,Q DGGLWLRQ LW LV IRXQG WKDW WKH
XQVWHDG\ WHPSHUDWXUHGLVWULEXWLRQV DUHJUHDWO\ DIIHFWHGE\ WKH DFFXPXODWHG LFH OD\HURQ
WKH GHLFLQJ VXUIDFH DQG WKH LFH VKHGGLQJ HIIHFWV ZLOO EH VWXGLHG DQG DGGHG LQWR WKH
GHLFLQJPRGHOLQWKHVXEVHTXHQWUHVHDUFK 
Funding 
7KLV ZRUN ZDV VXSSRUWHG E\ WKH 1DWLRQDO 1DWXUDO 6FLHQFH )RXQGDWLRQ RI &KLQD
*UDQW1RDQG1R 
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